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Abstract
The red grouse (Lagopus lagopus scotica) is an economically important game bird species endemic to
the upland heather moors of the British Isles, where its conservation status is “amber” due to long-term
declines in breeding populations. One major driver of grouse population ecology is chronic infection by the
highly prevalent, gastrointestinal parasitic nematode Trichostrongylus tenuis. Here, we outline the identi-
fication and characterisation of 17 candidate genes for the physiological response of red grouse to parasite
infection, developed de novo from functional and genetic analysis of grouse transcriptomic and genomic re-
sources. These genes capture broad physiological functions, including immune system processes, xenobiotics
detoxification, oxidative balance, metabolism and cell cycle regulation. All genes were polymorphic at the
landscape scale in north-east Scotland, indicating great utility for characterising the causes and consequences
of spatio-temporal genetic variation in relation to parasite-mediated eco-evolutionary processes in red grouse
populations.
An increasingly important aspect of conservation practice is the effective management of adaptive genetic di-
versity in natural populations (Ouborg et al, 2010). However, the identification of appropriate genomic regions
that directly relate to traits influencing individual fitness and population viability has proven a major challenge
(Allendorf et al, 2010). Here, we describe a strategy for the “top-down” identification (sensu Piertney and
Webster, 2010) of novel polymorphic candidate genes from transcriptomic and genomic resources. Specifically,
we identify 17 candidate genes for red grouse (Lagopus lagopus scotica Lath.) that are directly related to inter-
actions with the highly prevalent parasitic nematode Trichostrongylus tenuis Mehlis (Wilson, 1983; Shaw and
Moss, 1989). Chronic infection by this parasite substantially impacts grouse condition, survival and fecundity
(Hudson, 1986; Watson et al, 1987; Hudson et al, 1992; Delahay et al, 1995), with negative consequences for pop-
ulation dynamics and long-term population viability (Hudson et al, 1998; Redpath et al, 2006; Martínez-Padilla
et al, 2014).
Transcriptome libraries for caecum, spleen and liver were prepared from grouse either experimentally infected
with T. tenuis larvae or treated with an anthelmintic (Webster et al, 2011a). Using suppression subtractive
hybridisation (SSH), libraries were enriched for transcripts present in infected birds only (Webster et al, 2011a).
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Clone sequences of enriched (SSH) and non-enriched (standard cDNA) libraries were used to construct a mi-
croarray for assaying differences in caecal gene transcription levels among grouse with natural parasite loads,
experimental infection or anthelmintic treatment (Webster et al, 2011b). Based on gene product identity and
function (blastx and geneontology; Webster et al, 2011a,b), 578 clone sequences (447 Kbp) were then
used to construct a genomic capture array (Paterson et al., unpublished) for identifying population-level genetic
polymorphisms (SNPs) in two red grouse populations (Catterick, England and Edinglassie, Scotland) that differ
in typical parasite load, and one willow grouse (L. l. lagopus) population from Sweden. Hybridised genomic
DNA was pyrosequenced and reads were assembled to contigs. Polymorphic sites in each contig were identified
(coverage = 30 and = 6 variant reads) and pairwise genetic differentiation (FST) among the three populations
was calculated and tested for statistical significance by permutation.
Candidate contigs had to satisfy at least one of four criteria: 1) expressed in infected red grouse only (SSH
libraries); 2) significantly differentially regulated (p < 0.05) among red grouse with different parasite loads; 3)
significantly genetically differentiated (FST > 0; p < 0.05) among red grouse populations with different parasite
loads (candidate for directional selection); or 4) not significantly differentiated (FST ≥ 0; p > 0.05) among
red grouse populations but at least weakly (FST > 0) among red and willow grouse (candidate for balancing
selection). The functional categories of the selected candidates included immune system processes, xenobiotics
detoxification, oxidative balance, metabolism and cell cycle regulation, capturing a broad physiological response
to parasite infection (Table 1).
The cDNA clone sequence of each candidate contig was mapped to the chicken genome (Gallus gallus galGal4
assembly) using blat (Kent, 2002) to identify exonic genomic regions. Associated grouse genomic contigs were
mapped to the identified chicken chromosome regions in geneious v5.6.3 (Drummond et al, 2012). Primers
were then designed on those genomic contigs, using primer3 (Rozen and Skaletsky, 2000) as implemented in
geneious, so that a 120–600 bp amplicon would be at least partially exonic and include at least one polymorphic
exonic site. Cross-species utility of the primers was tested using in silico pcr (Hinrichs et al, 2006) on chicken
(Gallus gallus galGal4 assembly), turkey (Meleagris gallopavo melGal1 assembly) and zebrafinch (Taeniopygia
guttata taeGut1 assembly) genomes.
Levels of polymorphism were ascertained in three red grouse individuals from locations that maximise
geographic variation across a landscape of grouse moors in north-east Scotland (Glenlivet 57.29 °N 3.18 °W,
Mar Lodge 56.95 °N 3.66 °W and Invermark 56.89 °N 2.88 °W). PCRs were carried out in a total volume
of 25 μl containing ~25 ng DNA template, 10 mM Tris-HCl, 50 mM KCl, 2.5 mM MgCl2, 0.2 mM of each
nucleotide, 0.5 μM of each primer and 0.625 U Taq DNA Polymerase (Sigma-Aldrich). PCR profiles consisted
of initial denaturation at 95 ºC for 2 min, 35 cycles of denaturation at 95 ºC for 30 s, annealing at locus-specific
temperatures (Table 2) for 30 s and elongation at 72 ºC for 30 s, and final elongation at 72 ºC for 5 min.
In TouchDown profiles (Don et al, 1991), the annealing temperature was decreased by 0.5 ºC per cycle for
the first 20 cycles (Table 2). Amplicons were purified using a QIAQUICK PCR Purification Kit (Qiagen) and
Sanger-sequenced using the forward primer on an ABI 3730xl sequencer (Eurofins MWG, Ebersberg, Germany).
Sequences were aligned in geneious and heterozygote sites were coded as IUPAC degenerate bases. Polymorphic
sites, numbers of haplotypes, nucleotide diversity, haplotype diversity and Tajima’s D (neutrality test) were then
computed on reconstructed haplotypes (phase method) in dnasp v5 (Librado and Rozas, 2009).
Twelve genes amplified in silico in at least one bird model, demonstrating a degree of cross-species utility
(Table 2). Polymorphism ranged from 1–13 SNPs and 2–4 haplotypes per gene (haplotype FASTA file available
in electronic supplementary materials), with evidence for departure from neutrality in gene Lls_CG06 (Table 2).
These genes provide a valuable resource for exploring spatio-temporal patterns of genetic variation in relation
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